The mycomembrane layer of the mycobacterial cell envelope is a barrier to 3 environmental, immune and antibiotic insults. We find that there is mycomembrane 4 remodeling along the periphery of nutrient-starved, non-replicating mycobacterial cells. 5
The mycobacterial cell envelope is comprised of covalently-bound peptidoglycan, 19 arabinogalactan and mycolic acids, as well as intercalated glycolipids and a thick 20 capsule (Puffal et al., 2018) . The mycolic acids attached to the arabinogalactan and the 21 noncovalent glycolipids respectively form the inner and outer leaflets of the 22 6 Under acid stress, non-replicating but metabolically-active M. tuberculosis make new 1 TDM (Baker and Abramovitch, 2018). We found that N-AlkTMM uptake (no chase) 2 increased approximately two-fold in low glucose medium ( Figure 1C ). However, a 3 decline in the steady-state abundance of the molecule (Figures 1D, S2A) suggested 4 that enhanced synthesis is outweighed by the TDM turnover observed in the pulse-5 chase experiment (Figure 1B) . 6 7 We wondered whether there might be additional changes in mycomembrane 8 metabolism. O-AlkTMM is also a TMM-mimicking probe but features an ester-linked 9 lipid chain. While the molecule can serve as either an alkyne-lipid donor or acceptor, 10 ~90% of labeling from this probe is present in the M. smegmatis AGM cellular fraction 11 (Foley et al., 2016) . O-AlkTMM uptake was enhanced in low glucose medium to a that nutrient-starved mycobacteria might buffer the costs of TMM synthesis by enlisting 1 such pathways. As the recycling mechanism for mycolic acids is still controversial 2 (Dunphy et al., 2010; Wilburn et al., 2018) , we focused on the role of trehalose uptake. yields TMM and mycolic acids (Holmes et al., 2019; Ojha et al., 2010; Yang et al., 10 2013), so subsequent use of TMM in the forgoing reactions would also release 11 trehalose. Our metabolic labeling results suggested that all of these processes are 10 After being transported by LpqY-SugABC (Kalscheuer et al., 2010b) and metabolized by 1 trehalase (Nobre et al., 2014) or TreS (Eoh et al., 2017; Kalscheuer and Koliwer-Brandl, 2 2014; Kalscheuer et al., 2010a; Miah et al., 2013) (Figure 2A) , high concentrations of 3 exogenously-supplied trehalose can support mycobacterial growth in the absence of 4 other carbon sources (Kalscheuer et al., 2010b) . We recovered similar colony-forming 5 units (CFU) for ΔsugC, Δtre, ΔtreS and wild-type M. smegmatis from 1, 2, 4 or 6 days in 6 low glucose (Figures 2B, 2C) . These data suggest that trehalose catabolism is not 7 required for viability under carbon deprivation. Given that both the optical density and or be converted to azido-TMM and transported outside of the cell (Figure 2A , (Swarts et 6 al., 2012) . Although it has not been reported, it is possible that the probe incorporates 7 into other trehalose-bearing molecules in the mycobacterial envelope (Nobre et al., 8 2014). To tune our detection for the cell surface, we selected DBCO-Cy5 as the 9 fluorescent, azide-reactive label because the localized charge on the sulfonated cyanine 10 dye confers poor membrane permeability (Yang and Hinner, 2015) . Thus, the enhanced Rengarajan et al., 2005) . We confirmed that ΔsugC M. tuberculosis was defective for 20 growing in these host cells (immortalized) and that this phenotype was reversed by (Danelishvili et al., 2017) . Susceptibility to many antibiotics has been linked 4 to ROS overproduction, although the nature of this relationship is still unclear (Liu and 5 Imlay, 2013; Van Acker and Coenye, 2017). One of the many consequences of IFN-γ 6 activation is to enhance the production of (myco)bactericidal reactive oxygen species 7 (ROS) in the macrophage (Hu et al., 2019) . Given that the ΔsugC growth defect 8 moderately worsened when macrophages were activated with IFN-γ ( Figures 3A, 3B) , 9 we asked whether blocking trehalose recycling disrupts redox homeostasis. We focused Figure 3G , (Owusu-Ansah et al., 2008) ). Propidium iodide staining remained 20 unchanged ( Figure S4E) , however, suggesting that the effect was not due to 21 nonspecific differences in uptake, efflux or cell size. 1 (Newton et al., 2008; Ung and Av-Gay, 2006) and is the major source of free thiols in 2 the mycobacterial cytoplasm (Kumar et al., 2011) . The total free thiol content was 3 modestly enhanced in the absence of sugC and restored to wild-type levels upon 4 complementation ( Figure 3H) . We hypothesized that the increase in free, cytoplasmic 5 thiols in the sugC mutant might be an adaptation to counteract the higher basal levels (Figure S5D ), but was unchanged in ΔtreYZ (Figure 4B) . The ΔsugC and tre 3 overexpression strains were more sensitive to H2O2 than wild-type (Figures 3C, 3E , 4 S5C). However, ΔotsA M. smegmatis did not have ROS phenotypes (Figures 4C, 4D ) 5 despite having the lowest amount of intracellular trehalose (Figure 4B) . Thus, trehalose 6 depletion alone is not sufficient to cause oxidative stress. OtsA is required for oxidative stress when trehalose pool is depleted. A possible 1 endogenous source of superoxide in the bacterial cell is ATP-generating oxidative 2 phosphorylation. One method for estimating flux through this pathway is by O2 3 consumption. We observed more methylene blue decolorization for ΔsugC in carbon-4 limited medium (Figure 5A) , indicating that respiration is enhanced in the absence of 5 trehalose recycling. Notably, however, the mutant had lower levels of ATP than wild-6 type ( Figure 5B) . These data are consistent with a model in which ATP depletion in the 7 absence of trehalose recycling drives oxidative phosphorylation, and in turn, ROS 8 production. Alternatively, or additionally, redox stress might be a secondary 9 consequence of metabolic perturbation. elevated in ΔsugC but suppressed in ΔotsA (Figure 5C ), respectively consistent with 1 higher and lower levels of gluconeogenesis. We next wished to test whether induction of 2 the OtsAB pathway upsets redox balance in carbon-deprived mycobacteria. Given the 3 synthetic lethal interaction between sugC and otsA (Korte et al., 2016) , we opted to 4 deplete the trehalose pool by inducible trehalase overexpression. We compared the 5 H2O2 sensitivity of strains that overexpress trehalase in wild-type, ΔotsA and ΔtreYZ 6 backgrounds. Loss of OtsA, but not TreYZ, partially rescued sensitivity of M. smegmatis 7 to H2O2 upon trehalase overexpression (Figure 5D ). Taken together, our results support 8 the idea that maintenance of the trehalose pool via the energy-intensive OtsAB pathway 9 leaves carbon-starved, slow-growing mycobacteria vulnerable to oxidative stress. , 2017) . Our data suggest that it can also be directly refashioned 4 into trehalose-containing, cell surface glycolipids (Figures 2D, 2E) , likely TMM. Free (Figures 2D, 2E ). An intracellular route of TMM generation 1 would limit TDM loss, thereby preserving mycomembrane integrity. Use of recycled 2 materials in turn would allow the mycobacterial cell to reap the benefit(s) of sidewall 3 AGM fortification while minimizing energy expenditure. In the absence of trehalose 4 recycling, de novo synthesis supplies the sugar and mycomembrane remodeling 5 continues unabated (Figure S4) . The cost of from-scratch, OtsAB-mediated anabolism (Figures 3G, 3H) . These and other 4 metabolite data are most consistent with the idea that enhanced ROS production and 5 susceptibility (Figure 3) in the absence of trehalose recycling stems from increased 6 anabolism of the sugar rather than decreased catabolism. While we focus here on 7 mycomembrane remodeling that occurs within 1-3 days of adaptation to carbon-limited 8 medium, the TreS-dependent, trehalose-catalytic shift occurs in 4-5-week-old biofilms.
9
Under our conditions, loss of TreS has no impact on ROS susceptibility (Figure S5B) . 10 While we cannot rule out stress-or species-specific differences between the two 11 studies, we favor a model in which the adaptive role of trehalose changes over time:
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